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PYROLYSIS  OF  ORGANIC  COMPOUNDS  CONTAINING 
LONG  UNBRANCHED  ALKYL  GROUPS 


INTRODUCTION 

Domestic  oil-shale  deposits  are  a  tremendous  resource  as  a  potential  source  of  liquid  fuels.  The 
proven  recoverable  oil-shale  reserves  far  exceed  those  for  petroleum.  The  oil-shale  resource  concen¬ 
trated  in  three  western  states  alone  is  estimated  to  be  the  equir  'ant  of  two  trillion  barrels  of 
crude  oil. 

The  U  JB.  Navy  has  been  involved  for  some  time  in  the  development  of  Navy  fuels  from  alterna¬ 
tive  sources  such  as  oil  shale  [1-6] .  As  a  part  of  this  effort,  the  Naval  Research  Laboratory  his  been 
studying  the  effects  of  chemical  composition  on  fuel  properties,  since  such  information  vrffl  leiMl  to 
a  greater  availability  and  better  use  of  fuels  [6-9] . 

JP-5  is  a  high-flash-point  middle-distillate  fuel  for  carrier-baaed  jet  aircraft.  It  must  meet  many 
exacting  requirements  for  satisfactory  performance  [6] .  One  of  the  most  stringent  requirements 
is  a  low  freezing  point.  It  has  beat  impractical  to  make  JP-5  from  some  petroleum  crudes,  because  It 
is  difficult  to  meet  the  specification  of  a  low  freezing  point  (-47°C)  and  a  high  flash  point  (60°C) 
simultaneously. 

The  Naval  Research  Laboratory  has  related  the  freezing  point  of  JP-5-type  fuels  to  foe  n-alkane 
content,  specifically  n-hexadecane  [7] .  This  relationship  applies  to  jet  Aids  derived  from  any  crude- 
oil  source.  In  general,  jet  Aids  made  from  shale  crude  have  the  highest  n-alkane  content,  and  those 
made  from  coal  have  foe  lowest  n-alkane  content. 

The  quantity  of  large  n-dkanes  (14%)  present  in  shale  crude  is  insufficient  to  explain  foe 
alkane  content  (up  to  37%)  of  Aids  derived  from  slide.  Precursors  to  small  straight-chain  molecules 
in  foe  jet  Aid  range  mitfit  be  branched  or  cyclic  compounds  containing  long  normal  alkyl  groups. 
When  these  compounds  rupture  during  thermal  refining,  attack  on  a  side  chain  could  afford  a  path 
to  an  alkane. 

Since  the  modal  compounds  of  this  study  are  of  the  type  that  can  be  found  in  diale  crude  oO, 
foe  results  at  this  study  should  be  useful  in  explaining  the  observed  products  in  shale-derived  Aids 
and  the  thermal  conditions  under  which  they  are  formed. 

The  thermal  cracking  of  hydrocarbons  is  wall  documented  [10-14] .  Rice  [IS]  in  1083  pro- 
poeed  his  now  classical  free-radicd  chain  mechanisms  of  hydrocarbon  pyrolyris.  The  foerinal 
decomposition  of  small  alkanes  (Ct  through  Cg )  at  low  pressures  and  high  temperatures  is  now  well 
understood  [1647].  Although  a  tew  examples  of  foramsl  cracking  of  h^hurhydrocarhcns  are 
found  in  foe  literature  [18,19] ,  they  an  not  adequate  for  detailed  comparison.  Most  of  these 
studies  have  a  particular  emphasis  on  kfoetka  wifoin  parameters  of  foe  Rice-Koesiakoff  (18)  theory. 
Fabuas,  Smith,  and  Satterfidd  [10]  have  reported  data  and  propoesd  a  mechaniua  for  n-hexadacani 
pyrolysis  at  praraurat  much  higher  than  those  studied  by  Rice. 
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The  purpose  of  the  present  research  is  to  test  the  validity  of  the  Fabuss-Smith-Satterfield 
mechanism  for  lower  temperatures  and  higher  pressures  and  to  report  the  product  distribution 
for  the  thermal  cracking  of  large  model  compounds  of  varied  structure.  These  compounds  were 
pytolyaed  at  temperature  and  pressure  conditions  typical  of  the  petroleum-refining  process  known 
aa  delayed  coking. 


EXPERIMENTAL  DETAILS 


1 -Phenyl  pentedecane,  1 -phenyl  tetredecane,  2-methyl  octadecane,  and  n-tridecyl  cyclohexane 
were  obtained  from  Pfeltz  and  Bauer  and  were  passed  through  activated  silica  gel  and  fractionated. 
n-Hexadecane  was  a  National  Bureau  of  Standards  reference  sample  and  was  used  as  received. 
2-n-Pentadecyl  pyridine  was  prepared  by  a  standard  method  [20]  and  fractionated.  The  fraction 
boiling  at  170°C  at  33.2  Pa  was  retained  and  charaoterized  by  gas  chromatography /mass  spec¬ 
trometry.  The  purity  of  the  hydrocarbons  was  judged  primarily  from  vapor-phase  chromatog¬ 
raphy.  The  area  of  the  main  chromatogram  peak  was  always  >99.9%  when  compared  to  a  similar 
compound  used  as  an  internal  standard.  Reagent-grade  benzene  was  obtained  from  fisher 
Chemical  Co.  The  samples  were  stored  in  glass  containers  at  0°C. 


The  compounds  were  all  pyzolyzed  at  728  K  and  about  600  kPa.  A  typical  pyrolysis  was 
carried  out  in  a  15-cm-long,  6.4-mm-o.d.  (1/4-inch-o.d.)  816  stainless-steel  tube  closed  at  one  end 
and  fitted  at  the  other  end  with  a  stainless-steel  valve  via  a  Swxgelok  fitting.  The  tube,  containing 
a  weighed  amount  of  sample  (approximately  0.1  g),  was  attached  to  a  vacuum  system,,  corded  to 
196  K,  and  subjected  to  three  freexe-pump-thaw  cycles.  The  deaerated  samples  were  warmed  to 
room  temperature  and  pyrolyxed  by  inserting  them  Into  7-mm  holes  in  a  16-cm-diameter  aluminum 
Mock  fitted  with  heaters  and  a  temperature  controller.  After  the  pyrolysis  period,  the  tube  was 
cooled  to  196  K,  and  the  valve  was  removed  (unless  the  sample  was  analysed  far  low-molecular- 
weight  gates).  Benzene  (or  other  appropriate  solvent)  was  added  to  the  tube,  which  was  them 
capped  and  wanned  to  room  temperature.  The  solution  and  three  subsequent  rinses  were  trans¬ 
ferred  to  a  screw-cap  vial  (Teflon  cap  liner)  and  stored  at  0°C  until  analysh.  The  sample  concen¬ 
tration  in  the  solvent  was  typically  6%.  Prior  to  analysis,  weighed  amounts  of  internal  standards 
were  added.  Since  a  typical  chromatogram  required  60  min,  two  internal  standards  were  used. 

One  afforded  quantitation  for  the  peaks  with  short  retention  times  (typically  p-xyiene),  and  a 
second  afforded  quantitation  for  the  peaks  with  longer  retention  times  (typically  1 -phenyl  tridecane). 


The  stainless  steel  tubes  were  used  for  several  runs.  All  tubes  were  rlnanart  the  mm  way.  They 
were  filled  with  toluene,  cleaned  with  a  steinleee  steel  brush,  ria— d  with  tohmne  twice  mx!  than 
with  methylene  chloride,  and  dried  in  ahr  at  728  K  for  1  boor. 


All  samples  wsre  pyrolysed  for  16, 80, 60, 180,  and  180  min. 
ysis  by  the  tube  walls  except  for  n-tridecyl  cydoheoama.  < 
wen  used.  A  — wh  of 
828  K  does  not  develop  catalytic  behavior  (21,22) .  Manctemr  (28] 


928  to  1028  K. 


The  pyrolysed  camples  were  analysed  by  three  techniques,  all  baaed  on  pa  chnxnatogrephy. 
PeakidentificationforaH  three  techniques  was  based  on  retention  time  matching  wtthn-tlkane  and 
1-alkeoe  standarda.In  the  first,  a  Hewlett-Packard  model-5880A  fas  chromatograph  with  a  flame 
ionisation  detector  (FID)  equipped  with  a  50-m  wall-coated  open  tubular  (OV-101)  fusedeOica 
capillary  column  gave  the  necessary  resolution  to  distinctty  separate  the  tHdkRjMS  and  1-aDunes.  A 
carrier  gas  flow  of  Iml/min  was  combined  with  an  inlet  split  ratio  of  60:1  and  a  temperature  pro¬ 
gram  with  an  initial  hold  at  50° C  tot  8  min,  a  ramp  of  4° /min,  and  a  final  temperature  of  275*C. 

The  second  GC  technique,  used  for  longer-retention-time  (Cn  through  C^g)  n-alkanes  and 
1-elkenes,  used  a  Perkin-Elmer  model-3920B  gas  chromatograph  equipped  with  an  8B-80  88.6-m 
support-coated  open  tubular  glass  capillary  column  and  an  FID  detector.  The  chromatogram  was 
recorded  and  integrated  on  a  Hewlett-Packard  model-8390A  reporting  integrator.  The  temperature 
psogram  was  the  same  as  for  the  5880A  analysis. 

In  the  first  technique  the  long  retention  times  coupled  with  an  inlet  split  did  not  give  reHahle 
analytical  nsponee  above  Cia.  The  p-xyiene  internal  standard  was  consequently  used  for  analysis 
of  the  C6  through  C10  hydrocarbons.  The  second  GC  technique  was  splitless  and  gave  good  response 
for  longer  retention  times  but  not  good  separation  at  short  retention  times.  The  1 -phenyl  tridecane 
internal  standard  was  used  for  the  C10  through  C18  hydrocarbons.  Both  techniques  gave  the  same 
analytical  results  for  the  midrange  carbon  numbers  (C7  through  C12).  This  served  as  a  sensitive 
check  between  the  two  techniques. 

In  the  third  technique  the  gases  formed  during  pyrolysis  were  analysed  using  a  Beckman 
modd-GC-72-6  gas  chromatograph  equipped  with  an  FID  and  a  column  packed  with  Apieson  L 
alumina.  In  this  mode  the  column  was  operated  at  200°C.  The  chomatogram  was  recorded  and  inte¬ 
grated  on  a  Hewlett-Packard  model-3390A  reporting  integrator.  For  this  procedure,  the  tubes  were 
cooled  to  196  K  after  pyrolysis,  and  the  tube  valve  was  connected  directly  to  a  GC  gas-sampling 
valve  vie  a  Swagdok  connection.  The  sample  tube  was  allowed  to  warm  to  room  temperature  before 
analysis.  An  external  standard  was  used  for  calibration.  A  pressure  gage  measured  the  pressure  in  the 
sample  loop  at  the  time  of  analysis. 


RESULTS 

Figure  1  shows  the  chromatogram  of  the  product  from  a  60-min  pyrolysis  of  2-methyi  octa- 
decane.  It  represents  a  typical  chromatogram  from  the  6880A  Hewlett-Packard  gss  chromatograph. 
The  internal  standards  for  this  particular  run  were  1-phenyl  propane  and  1 -phenyl  pentedecane.  Only 
34.9%  of  the  2-methyl  octadecane  remains  unraected  at  tills  pyrolysis  time.  Tahl*  1  Usts  the 
product  identities  along  with  corresponding  retention  times  for  aliphatic  and  branched  C5  through 
Cjg  hydrocarbons. 

Table  2  Usts,  for  each  pyrolysis  time,  the  sums  of  the  n-elkanes  and  l-elkanes  for  C6  and  higher 
aUphatics  and  the  sums  for  aD  the  substitued  or  branched  hydrocarbons.  Appendix  A  gives  ti»e 
detailed  product  distribution  by  carbon  number  sad  compound  dess  for  all  compounds  it  sech 
pyrolysis  time.  That  is,  entries  in  Table  2  are  the  totals  of  table  columns  in  Appendix  A. 

For  1 -phenyl  pantadecane,  1-phcoyt  tatwdecane,  and  2-n-pentadecyipyridina,  the  suma  of 
sHdkaae  rod  1-alkene  yields  an  nearly  equal  for  a  «0«fai  pyrolytis.  Short  pyrolytis  times  fovor 
1 -alkanes,  and  kmgv  times  fltvor  n-elkane  yields.  The  benaenewuhsttiuted  atkanes  foam  both  1 -phenyl 
m<\  t  utrtntl  tetiadecsae  an  qiittr  itstrli  In-nmrtnf  frrm  3A%  and  8.7%  fora  16mte 
stress  to  81%  and  t.0%  tor  « 180-mta  ttnss.  Styrene  (Cg  in  T&*  Alb  rod  AS*)  k  (fit  alkane 
present  in  bigbaet  ykM.  Tot  l-phenyl  pentadaeane,  styrene  varies  from  0.7%  at  16  min  to  7  J%  at 
180  min,  and  for  1-pbenyi  tstradaoeni,  styrene  Increases  from  0.6%  at  16  min  to  8  J%  a*  180  min. 
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Table  1  —  Retention  Times  for  a  60-Min  Pyroiyais  of  2-Metiqd  Oetadecane 
from  a  Hewlett-Packard  Model-5880A  Qas  Chromatograph 


Cnhon 

Retention  Time  (min) 

Chain 

Aliphatic  Products 

Branched  (2-Methyl)  Products 

Length 

n-Alkane 

1-Alkene 

Alkane 

Alkene 

Cl 

— 

— 

— 

— 

Ca 

— ■ 

.  “ 

— 

C8 

— 

— 

— 

— 

c4 

— 

— 

— 

— 

c6 

4.60 

4.46 

4.84 

4.76 

c« 

6.08 

4.99 

8.02 

5.89 

C7 

6.46 

6.24' 

8.27 

7.89 

c# 

9.56 

9.09 

12.62 

12.02 

c# 

14.89 

1320 

1722 

17.24 

C10 

19.60 

19.02 

22.74 

2220 

C11 

24.86 

28.84 

27.17 

26.70 

C12 

28.64 

28.19 

31.20 

80.78 

cia 

82.64 

82.14 

8420 

84.52 

C14 

86.15 

86.79 

88.86 

88.01 

Ci» 

89.64 

89.20 

41.60 

4128 

Cie 

42.72 

42.41 

44.67 

4428 

Cit 

— 

46.74 

47.69 

47.82 

Cia 

— * 

60.44 
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Time 

(min) 


Table  2  —  Alkane  and  Alkene  Yield*  From  Pyrolyaia 


Yield  of  the  Hydrocarbon  Producta  (%) 


Aliphatic* 

Substituted 

Branched 

n-Alkane 

1 -Alkene 

Alkane 

Alkene 

Alkane 

Alkene 

Pyrolyaia  of  1 -Phenyl  Pantadecane 


101 

8.1 

181 

11.7 

9.9 

20.9 

7.0 

17.5 

8.8 

18.4 

2-n-Pentadecyl  Pyridine 


2.7 
8.6 
0.2 

181  |  0.0 
18.6 


2-Methyl  Octadecane 


Not 

(%) 


n-Tridecyl  Cyclohexane 


0.6  01 

8.6  6.6 

8.7  6.2 

6.4  4.2 

61 


1 

1.8 

.8 

10.8 

8 

17.6 

.9 

14.9 

1 

10.6 
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Toluene  and  ethyl  benaene  wore  the  moat  stable  phenyl  alkanes  formed.  For  a  15-min 
pyrolysis  of  1 -phenyl  pentadecane,  3.3%  toluene  and  2.9%  ethyl  benaene  were  formed.  At  180  min, 

14.9%  and  0.2%  respectively  were  formed.  The  same  trend  was  noted  for  1 -phenyl  tetmdecane:  at 
15  min  the  toluene  yield  was  3.2%  and  the  ethyl  benzene  yield  was  2.4%.  At  180  min  14.4%  and 
0.2%  respectively  woe  found.  Ethyl  benzene  was  a  major  initial  product,  but  it  does  break  down 
at  long  stress  times.  No  benzene  was  found. 

The  pyridine  substituted  alkenes  from  2-n-pentadecyl  pyridine  show  a  remarkable  dissimilarity 
with  all  of  the  other  compounds  pyrolyzed.  The  pyridine  substituted  alkenes  exhibit  little  thermal 
stability  after  a  pyrolysis  of  only  30  min,  and  the  low  yield  drops  to  zero.  The  pyridine  substituted 
alkanes,  however,  show  a  high  degree  of  stability,  gradually  increasing  in  yield  until  at  180  min  the 
products  total  18.6%.  The  most  stable  of  the  substituted  pyridines  was  2-methyl  pyridine,  which 
increased  from  3.0%  at  15  min  to  11.7%  at  180  min  (Table  A3b).  No  pyridine  was  found. 

Table  3  lists,  for  the  60-min  pyrolysis  for  the  compounds  reacted,  the  total  aliphatic  product 
yields  (Cj  and  higher).  Table  4  shows,  for  the  60-min  pyrolysis  for  the  compounds  stressed,  the 
yields  of  the  individual  Cj  through  C4  n -alkane  and  1-alkene  hydrocarbons. 

That  substituted  pyridines  and  benzenes  are  much  more  susceptible  to  pyrolysis  can  be  seen 
by  a  comparison  with  n-hexadecane.  For  a  15-min  pyrolysis,  62.5%  of  the  1-phenyl  pentadecane, 

64.0%  of  1 -phenyl  tetradecane,  and  only  53.1%  of  2-n-pentadecyl  pyridine  remain,  but  95.1%  of 
the  n-hexadecane  remains  (Table  2).  For  a  60-min  pyrolysis  the  Cj  through  C4  yield  for  n-hexa¬ 
decane  was  only  4.8%  (Table  4).  The  same  product  trend  is  observed  for  the  n-hexadecane  as  for  the 
other  compounds:  the  n-alkane  does  not  equal  the  1-alkene  yield  until  approximately  the  120-min 
pyrolysis  (Table  2).  At  180  min  the  n-alkanes  predominate.  Under  the  noncatalytic  conditions  of 
the  experiment,  isomerization  was  not  expected,  and  only  slight  traces  of  isomerization  were  found. 

At  180  min  for  the  n-hexadecane,  the  lower  n-alkanes  and  1 -alkenes  predominate,  with  the 
n-pentane  value  being  9.6%  and  the  1-pentene  value  being  5.0%  (Table  A6).  Figure  2  shows  the 
decrease  in  the  long-chain  compounds  and  the  concomitant  dramatic  increase  in  the  shorter  chain 
hydrocarbons  as  the  pyrolysis  time  increases  beyond  60  min  for  n-hexadecane. 

The  pyrolysis  of  2-methyl  octadecane  is  faster  than  that  of  n-hexadecane.  During  pyrolysis  of 
the  2-methyl  octadecane  77.1%  remains  at  15  min  versus  56.6%  at  30  min,  which  compares  to 
95.1%  and  75.9%  respectively  for  the  n-hexadecane  (Table  2).  The  yield  of  the  straight-chain  hydro¬ 
carbons  from  2-methyl  octadecane  exceeded  that  of  the  branched  hydrocarbons  by  2-  to  3-fold 
(Table  8). 

Substituted  cyclohexanes  would  be  expected  to  be  considerably  more  reactive  than  straight- 
chain  hydrocarbons.  This  was  not  the  case,  however.  For  a  15-min  pyrolysis,  87.3%  of  the  n-tridecyl 
cyclohexane  remains.  The  product  distribution  is  as  expected,  but  the  n-alkane  yield  does  not 
approximate  the  1-alkene  yield  until  120  min  of  pyrolysis.  The  long-chain  cyclohexane  also  pro¬ 
duced  the  lowest  Cj  through  C4  yield  (4.1%)  for  the  60-min  stress. 

The  substituted  benzenes  and  pyridines  did  not  yield  either  benaene  or  pyridine.  However, 
n-tridecyl  cyclohexane  yielded  cyclohexane  as  well  as  benzene,  toluene,  and  methyl  cydohexenes 
in  appreciable  concentrations.  For  example,  a  180-min  pyrolysis  yields  5.3%  cyclohexane  and  2.5% 
tohaane.  I  1 
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Table  4  —  Cx  Through  C4  n-Alkane  and  1-Alkene  Yields  from  a  60-Minute  Pyrolysis 


Compound  Pyrolyzed 

Yield  of  the  Hydrocarbon  Product  (%) 

n-Alkane 

l-Alkene 

Ci 

c2 

c3 

c4 

Mi 

Ci 

C2 

cs 

c4 

HI 

Total 

1 -Phenyl  pentadecane 

1.2 

3.0 

2.1 

1.0 

I  ill 

— 

2.8 

2.2 

1.4 

■1 

13.7 

1 -Phenyl  tetradecane 

1.1 

2.9 

2.0 

0.9 

— 

2.7 

2.2 

1.3 

mm 

13.1 

2-n-Pentadecyl  pyridine 

1.0 

3.2 

3.8 

1.1 

m 

— 

1.9 

3.8 

1.3 

mm 

16.1 

2-Methyl  octadecane 

0.6 

1.5 

3.0 

0.5 

m 

— 

1.0 

2.1 

1.8 

4,9 

10.5 

n-Tridecyl  cyclohexane 

0.5 

1.3 

0.6 

0.2 

mm 

— 

0.7 

0.6 

0.2 

1$ 

4.1 

n-Hexadecane 

0.3 

1.2 

1.0 

0.4 

iii?: 

— 

0.5 

1.0 

0.4 

19 

4.8 

•Value  that  was  given  in  Table  3. 


Pig.  2  —  Yield  of  n-elkanes  plus  1-alkenes 
from  the  pyrolyais  of  n-heudecane 


MU8HRU8H  AND  HAZLBTT 


A  material  balance  was  run  for  each  compound.  The  main  peaks  of  the  chromatograms  account 
for  approximately  85%  of  the  original  compounds.  The  small  peeks  account  for  another  5  to  6%. 

It  is  inferred  that  the  remainder  is  either  polymerised  or  present  as  char.  The  formation  of  insolubles 
was  not  noticeable  for  short  pyrolysis  times.  A  small  amount  of  insolubles  was  noted  for  the  120- 
and  180-min  pyrolysis  times,  especially  for  2-a-pentadecyl  pyridine.  The  product  distribution  was 
repeatable  to  2%  for  each  component  regardless  of  whether  a  new  stainless-steel  tube  or  a  previously 
used  but  conditioned  tube  was  used. 


DISCUSSION 

When  pyrolysed  at  high  temperature  and  low  pressure,  hydrocarbons  are  broken  down  to  small 
olefins  by  the  Rice  free-radical  mechanism.  Fabuss-Smith -Satterfield  (FSS)  behavior  [18]  occurs  at 
conditions  (lower  temperature  and  higher  pressure)  more  typical  of  shale  retorting  and  delayed 
coking.  In  FSS  behavior  a  single  fragmentation  step  oceans  which  results  in  approximately  equal 
amounts  of  n-alkanes  and  1-olefins  of  intermediate  chain  length.  The  FSS  sequence  can  be  pictured 
as  follows: 


Initiation:  R-H  +  X  -►  R*  (secondary)  +  XH  (a) 

Propagation:  R*  (secondary)  1 -olefin  +  tf*  (primary)  (b) 

Net:  rf*  (primary)  +  R-H Hl&SBg§BL»  R-H  (smaller)  +  R*  (secondary)  (c) 

2R-H  +  X*  -►1-olefin  +  R-H  +  XH  +  R*  (secondary)  (d) 

Termination:  R*  +  R*  -*■  R-R  (e) 


The  secondary  radical  formed  can  undergo  fi  scission  or  termination.  The  ratio  of  the  rates  of 
b  and  e  determine  the  length  of  the  free-radical  chain.  At  the  high  pressure  of  this  system,  inter- 
molecular  hydrogen  transfer  (c)  predominates  over  intramolecular  hydrogen  transfer,  which  is  a 
key  step  in  the  Rice  pyrolysis  regime. 

Predictions  of  F88  behavior  are  followed  for  all  the  compounds  pyrolysed.  The  first  members 
of  the  n-alkane  and  1-olefin  series  are  formed  in  smaller  amounts  than  the  second  members.  Low 
n-tetradecane  (0%),  n-pentadecane  (0%),  and  1-pentadecene  (0.2%)  yields  follow  traditional  FSS 
theory,  for  a  30-min  stress  of  n-hexadecane  (Table  A6).  The  model  also  predicts  equal  amounts  of 
hydrocarbons  in  the  intermediate  chain-length  range,  a  behavior  observed  for  several  compounds 
in  these  experiments  at  the  shorter  pyrolysis  times. 

The  effect  of  pyrolysis  time  on  yield  for  n-hexadecane  is  illustrated  in  Fig.  2.  The  sum  of 
the  n-alkane  and  the  1 -alkane  yields  for  each  carbon  number  is  plotted.  For  a  30-min  stress  of 
n-hexadecane,  C8  through  C14  products  are  approximately  equal  in  concentration.  Consequently 
one-step  F88  pyrolysis  is  rate  controlling.  The  total  yield  increases  at  60  min,  but  the  shift  to  lower 
carbon  numbers  (C6  through  C7)  indicates  that  products  are  forming  and  then  undergoing  secondary 
decomposition.  This  trend  is  extended  significantly  at  longer  times,  such  as  is  shown  by  the  180-min 
stress  data,  with  C6  reaching  a  14.6%  yield. 

The  situation  for  pyrolysis  of  aromatic  substituted  alkanes  is  different.  Pyridine  and  benaene 
rings  greatly  enhance  free-radical  formation.  For  example,  the  percentage  of  2-n-pentadecyl  pyridine 
decomposed  in  80  min  (indicated  fr  Table  2  by  the  percentage  not  reacted)  is  not  matched  by  the 
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n-hexadecane  until  almost  120  min.  The  total  yield  of  product*  at  80  min,  10.5  +  9.1  + 12.8  + 

3.6  “  86.0%  for  2-n-pentadecyl  pyridine,  is  not  attained  by  n-hexadecane  even  at  180  min.  The 
effect  of  stress  time  on  straight-chain  hydrocarbon  yield  is  illustrated  in  Figs.  8  (1-phenyl  penta- 
decane)  and  4  (2-n-pentadecyl  pyridine).  The  sum  of  the  n-alkane  and  1-alkeae  yields  for  each 
carbon  number  is  plotted.  For  a  15-min  stress,  the  Cg  through  C12  yields  in  both  Me  ahnoat 

equal  but  a  distinct  C14  maxima  was  observed  for  both  compounds.  The  C18  compounds  mo  also 
fawned  at  short  reaction  times.  The  total  yield  increased  at  30  and  60  min,  with  a  steady  tlsrtwnn 
in  C13  and  C14  having  been  more  than  compensated  by  a  dramatic  increase  in  C5  through  C-j.  After 
60  min  the  combined  n-alkane  and  1-alkene  yield  then  reversed. 

For  the  180-min  stress  times  the  C4  n-alkane  and  1-alkene  sum  approximates  that  of  the 
15-min  stress  for  both  compounds  (Table  2).  These  trends  indicate  significant  seconcfaty  decompose 
tion  at  longer  pyrolysis  times. 

A  pyrolysis  mechanism  consistent  with  the  observed  product  distribution  in  Appmfe  A  can 
be  pictured  as  follows  for  1 -phenyl  pentadecane,  with  the  yield  for  a  15-min  pyrolysh  being  shown 
below  each  compound: 


+  OC18 
40% 


+  HrCjj 
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Fig.  8  —  YMd  of  Mlkaaw  piw  l-aUmoM  from  th«  pyratyrii 
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Hie  same  mechanism  as  pictured  would  apply  for  a  long-chain  substituted  pyridine. 

Bond-scission  reactions  initiate  (or  an  the  flirt  steps  in)  the  mechanisms  of  the  thermal 
pyrolysis  of  hydrocarbons. 

The  substituted  bensenas  produced  in  steps  f  to  j  all  form  thermally  via  free  radicals:  the 
radical  in  step  f,  the  y  radical  in  steps  g  and  h,  the  0  radical  in  steps  i  and  j,  and  the  radicals  on  all 
other  carbons  of  die  alkane  side  chain.  This  is  followed  by  0  scission,  resulting  in  the  product  mix 
shown  for  steps  f  through  j. 

Step  f  requires  that  the  bond  break  at  position  A,  position  B,  or  both.  As  pictured,  whan  the 
bond  breaks  at  position  A  styrene  and  n-tridecane  result.  Styrene  is  stable  toward  pyrotysh  at  the 
temperatures  of  this  study,  and  its  yield  undergoes  a  steady  buildup,  approaching  7.8%  at  the 
180-minute  pyrolysis.  The  n-tridecane  is  not  thermally  stable  and  subsequently  decreases  in  yield 
with  increasing  pyrolysis.  It  is  unstable  because  of  secondary  cracking  reactions,  yielding  lower 
n-alkanes  and  1-alkenes.  No  ring  opening  was  observed,  as  would  be  required  by  the  bond  basakiag 
at  position  B. 

In  steps  g  and  h  the  t  free  radical  is  depicted  Beta  edeston  results  in  toluene  and  1  I  steads  cans. 
Reaction  path  D  (step  g)  predominates,  because  the  echelon  via  this  path  results  in  the  vary  stable 
benxyl  free  radical  forming. 

According  to  the  theory  of  chain  inhibition,  stabilised  free  radicals  do  not  initiate  chain 
reactions  and  therefore  can  recombine  only  with  one  another  [25] .  This  recombination  of 
bensyl  radicals  was  not  observed  in  any  of  the  chromatograms.  However,  at  temperatures  of  678  K 
and  above,  stabilised  radicals  like  bensyl  can  abstract  hydrogen  from  hyflrocartxjus  and  thnrrtnri 
can  initiate  chain  processes  [88] .  Pyrolysis  studies  at  temperatures  of  678  K  and  above  have  hrn 
chain  decomposition  of  short-chain  alkyl  banianas  even  in  the  presence  of  large  amounts  of  added 
inhibitors  [27,28] .  The  low  product  yield  of  step  b  (scission  at  position  E)  for  a  15-odn  steam  or 
at  any  other  pyrolysis  time  shows  the  marked  stability  of  the  bensyl  radioal.  Other  samfl  alkyl 
bensenas  formed  will  aU  subsequently  undergo  secondary  pyrolysis,  as  can  be  seen  from  the  paadurt 
tabulation  in  Appendix  A. 
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Bond  scission  at  position  Q  (atop  j)  was  not  a  viable  reaction  step.  1%e  yield  of  both  benzene 
and  1-pentadecene  at  any  pyrolyziz  time  wm  zero.  In  pyrolysis  studies  of  short-chain  alkyl  benzenes 
(C2  and  Cs),  no  benzene  was  observed  in  the  product  mix  [29,80] . 

The  Owe  radical  can  be  formed  randomly  on  any  carbon  of  the  side  chain,  as  can  be  seen  in  the 
product  breakdown  in  Appendix  A.  Although  most  substituted  benzenes  are  observed  at  a  short 
pyrolysis  time,  toluene  predominates  at  all  pyrolysis  times,  indicating  that  the  gamma  position  is 
the  most  vulnerable  to  pyrolysis  and  that  with  increasing  pyrolysis  time  secondary  pyrolysis  steps 
am  of  major  importance. 

As  shown  in  Appendix  A,  the  pyridine  substituted  alkenes  am  farmed  in  considerable  yield  at 
short  pyrolysis  times,  but  after  80  min  the  olefin  concentration  drops  to  zero.  The  pyridine  sub¬ 
stituent  enhances  the  free-radical  breakdown  of  the  olefin.  This  is  not  a  dramatic  for  the  benzene 
derivatives.  The  substituted  olefins  decream  but  do  not  approach  zero  until  180  min  of  pyrolysis. 

As  pyrolysis  times  increase,  the  substituted  alkenes  decrease  in  chain  length,  with  2-methyl  pyridine 
and  2-ethyl  pyridine  ultimately  being  the  major  products.  With  the  benzenes,  toluene  and  styrene 
are  the  major  products  at  longer  pyrolysis  times. 

For  1 -phenyl  pentadecane,  toluene  increases  from  8.8%  at  a  15-min  stress  to  14.9%  for  a 
180-min  stress  (Table  Alb).  For  1-phenly  tetradecane,  the  toluene  yield  increases  from  3.2%  at 
18  min  to  14.8%  for  a  120-minute  stress  (Table  A2b).  The  steady  buildup  of  the  toluene  yield  is 
reasonable,  since  toluene  has  been  found  to  be  extremely  resistant  to  pyrolysis  at  temperatures 
below  1178  K  [81] .  It  is,  however,  quite  reactive  in  the  temperature  range  from  1473  to  1778  K. 
These  temperatures  far  exceed  any  in  the  present  study .  This  thermal  stability  is  not  displayed  by 
any  of  the  other  longer  chain  substituted  benzenes. 

For  2-n-pentadecyl  pyridine,  only  two  substituted  pyridine*  (2-methyl  and  2-ethyl)  ware 
found  to  be  pyrolysis  resistant  under  these  experimental  Conditions  (Table  A3b). 

The  Cj  through  C4  aliphatic  product  distribution  was  determined  for  the  60-min  pyrolysis. 
This  was  the  street  time  at  which  the  sum  of  the  malkane  and  1-alkene  yields  was  maximized. 

Table  3  gives  the  Cj  and  Ughar  yields  of  the  n-«lkanet  and  l-«lkenes.  The  through  C4  yield  was 
9.1  +  7.0  m  10%  for  the  pyridine  and  18  to  14%  for  the  benzenes.  The  C2  and  C8  yields  am  approx¬ 
imately  equal  (2  to  8%).  The  total  n-alkane  phis  1-alkene  yield  was  33.1%  for  1 -phenyl  pentadecane, 
82.6%  for  1 -phenyl  tetradecane,  and  87.9%  for  2-n-pentadecyl  pyridine. 

2-Methyl  octadecane  was  found  to  be  significantly  leas  reactive  than  the  pyridine  or  benzene 
substituted  alkanes.  It  is  mom  reactive  than  the  n-hexadecane.  This  is  matonahle,  since  the  product 
distribution  of  2-methyl  octadecane  could  be  explained  by  the  preferential  attack  on  the  tertiary 
hydrogen,  the  weakest  C-H  bond.  The  total  product  distribution  (Ct  and  up)  was  quite  similar  to 
that  of  the  n-hexadecane. 

Substituted  cydohaxanes  would  be  expected  to  be  leas  reactive  then  either  the  pyridines  or  the 
benzenes.  Surprisingly,  it  was  also  toss  reactive  than  n-baxadseant  or  2-methyi  octadecane  at 
pyrolysis  times  of  00  min  and  Iw.  The  products  betides  the  n-alkanse  rod  1 -alkenes  include 
toluene,  benzene,  and  mathy!  cyclohexane*.  The  lower  than  expected  eoaverstan  Is  due  to  seif- 
inhibition  by  the  methyl  cydoheacenes.  Cydohaxe&e  has  been  used  by  ssvmal  authors  as  a  free- 
radical  scavenger  [82,32].  At  start  pyrol^  times  the  methyl  cyclohexane  starts  a  steady  buildup. 
As  its  concentration  increases,  aromatic  compounds  begin  to  appear.  It  would  seem  that  than 
aromatic  compounds  are  the  secondary  products  which  are  formed  from  the  decomposition  of  tire 
substituted  cydohexenes.  That  toluene  was  the  only  substituted  bsnasoe  formed  is  not  smpdting 
when  one  considers  Its  stability  rod  the  observed  toluene  yield  from  the  pyrolysis  of  the  1 -phenyl 
pentadecane. 
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Por  the  long-chain  cydohexenee  a  pyrotyri*  mechankm  itmlhar  to  thi*  of  tiM  b  wan—  cm  be 
pictured: 
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I 

Stop*  k  nd  £  can  be  rationaUxed  in  a  similar  way  at  thoae  for  the  benaenet,  with  random 
0  scission  on  the  tide  chain  leading  to  smaller  n-alkanes  and  1-alkanss  and  shorter  chain  cyclohaxanea 
(both  alkanet  and  alkenes).  The  ring  could  also  undergo  attack  (1, 2,  or  8  position).  The  products 
that  would  result  by  0  scission  within  the  ring  are  illustrated  by  attack  att  positions  K,  L,  and  M. 

The  products  formed  by  the  attack  are  illustrated  by  steps  n,  o,  and  p.  None  of  the  products  de¬ 
picted  by  these  steps  (or  thoae  by  attack  cm  the  2  position)  are  obsarved  on  any  of  the  chromato¬ 
grams.  It  is  possible  that  attack  on  the  ring  does  occur  with  the  smaller  substituted  cydohsatanee 
that  are  formed  in  the  pyrolysis  scheme.  But  it  is  unlikely  to  contribute  to  the  product  mix  to  mote 
than  a  slight  degree,  since  isomers  at  the  type  formed  in  daps  o  end  p  ate  not  detected  on  the 
chromatograms.  However,  step  p  tor  a  short-chain  cyclohexane  would  yield  a  small  1-alkane  that 
would  be  indistinguishable  from  the  same  small  1 -alkane  resulting  from  0  scission  on  the  ride  chain. 

Reactions  that  could  account  for  the  aromatic  formation  from  a  substituted  cyclohexane 
would  be 


«D 


(r) 


(•) 
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The  b<o—o»  derivatives  oould  be  formed  by  the  radical  attack  on  *  din*  (its p  t)  or  by  the 
guaattonehla  diwet  molecular  elimination  of  hydrogen.  The  bwiwcoaMBlndlwii^i# 
fouly  low  oompmed  to  that  of  toluene.  This  would  indicate  that  mechanism  steps  such  as  steps  t 
and  u  an  not  m  favorable  m  steps  v  and  w.  These  reactions  of  the  cydohexenes  are  known  to  be 
surface  akfawd  [80],  mad  undoubtedly  this  catalysis  accounts  for  the  change  in  the  product 
distribution  noted  at  long  pyrolysis  times. 


SUMMARY 

Hie  formation  of  n-alkanes  in  the  jet-fuel  distillation  range  can  be  explained  if  large  n-alkanes 
an  pseesnt  in  the  crude-oil  source.  Quantities  of  Inga  n-alkanes  present  are  insufficient,  however, 
to  explain  foe  amounts  found  (up  to  37%)  in  foe  jet  fitel  made  from  shale  crudes.  Other  possible 
pcecumass  to  small  strait-chain  molecules  are  branched  compounds  or  substituted  cyclic 
compounds. 

Hie  compounds  pyrofysed  in  this  study  were  1-phenyl  pentadecane,  1 -phenyl  tetradecane, 
3-n-pentadecyl  pyridine,  2-methyl  octadecane,  1-cydobexyi  tridecane,  and  n-hexadecane. 

Product  trends  were  similar  for  ail  compounds  stressed.  Short  pyrolysis  times  (15  min)  fovor 
foe  yield  of  1 -alkanes,  and  longer  pyrolysis  times  (180  min)  favor  an  increased  n-alkane  production. 

Pyridine  and  benzene  rings  greatly  enhance  free-radical  formation.  For  example,  the  percent  of 
2-n-pentadecyl  pyridine  decomposed  in  80  min  of  pyrolysis  is  not  matched  by  foe  n-hexadecane 
unto  almoet  120  min.  The  total  yield  of  product,  36%,  for  2-n-pentadecyl  pyridine  is  not  attained 
by  n-hexadecane  at  even  180  min  of  pyrolysis.  A  simfler  trend  wes  noted  for  foe  phenyl  attunes. 

The  most  stable  substituted  benxenes  formed  were  toluene  and  styrene.  For  1-phenyl  penta¬ 
decane,  toluene  incieeeed  in  yield  from  3.3%  at  15  min  of  pyrolysis  to  14.9%  at  180  min,  and 
styrene  incramed  hi  yield  from  0.7%  at  1£  min  to  7.8%  at  180  oh.  No  baosane  was  found. 

For  foe  substttutad  pyrkUnaa,  only  2-methyl  pyridine  was  farmed  in  appreciable  coaoantaa 
font,  8.0%  at  16  min  of  pyrolysis  and  inrfaasfng  to  11.7%  at  180  min.  No  pyridine  wes  found.  The 

results  for  substituted  ben  ten  as  and  pyridinsa  ate  consistent  with  primary  attack  at  foa  alpha  and 

-  —  ■  - - »*» - 

pMuHMi  powaoni. 

gfotfohd  cydohaxanas  would  be  expected  to  be  lees  reactive  than  either  foe  pyridhm  or 
foe  beoaenes.  Burprhlngty,  1-cydohexyi  tridecane  was  also  lam  reactive  than  etfoar  n-bsrradeoane 
or  t-mefoyl  octadscsne  at  pyrotyris  thorn  of  60  min  and  lam.  The  products  for  foe  pyrolyril  of 
1-cyclohsayl  tridacsns  bssldii  fos  slkanm  sod  sflmnm  include  beanos,  toluene,  snd  methyl 
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occurs  at  conditions  (loss 
delayed  coking.  In  F88  behavior  a 
equal  amounts  of  n-alkanaa  and 
attribution  can  be  explained  on 


The  report  show*  that  attack  in  the 
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Table  Alb  —  Yield  of  Substituted  Alkanes  and  Alkenes  from  Pyrolysis  of  1 -Phenyl  Pentadecane. 
Double  rectangles  accentuate  values  from  5.0  to  9.9%,  and  triple  rectangles  accentuate 

values  of  10.0%  or  more. 


Table  A2a  —  Yield  of  n-Alkanes  and  1 -Alkenes  from  Pyrolysis  of  1 -Phenyl  Tetndecane 


Yield  (%) 

Carbon 

16  min 

30  min 

60  min 

120  min 

180  min 

Number 

n-al- 

l-al- 

n-al- 

l-al- 

n-al- 

l-al- 

n-al- 

l-al- 

n-al- 

l-al- 

kane 

kene 

kane 

kene 

kane 

kene 

kane 

kene 

kane 

kene 

C5 

02 

0.5 

520 

nm 

rm 

ran 

rm 

El 

0.8 

c« 

02 

0.9 

0.6 

QU 

rm 

rm 

|eo| 

lEOl 

0.9 

n 

02 

0.7 

0.6 

rm 

SU 

rm 

rm 

lm| 

[ml 

0.7 

B9 

0.2 

0.5 

rm 

0.9 

0.9 

■ml 

$m] 

0.8 

ii 

02 

0.7 

B9 

51] 

0.8 

0.9 

0.7 

0.2 

02 

0.9 

0.3 

rm 

0.5 

0.9 

0.9 

0.4 

01 

02 

0.5 

I 

0.5 

0.5 

0.8 

0.8 

01 

cia 

513 

0.4 

ran 

0.6 

0.2 

Jm| 

0.2 

0.1 

Cli 

0.1 

HU 

01 

sd 

ra 

m3 

01 

0.6 

— 

02 

22 
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Table  A2b  —  Yield  of  Substituted  Alkanes  and  Alkenes  for  Pyrolysis  of  1 -Phenyl  Tetradecane 


Carbon 
Number 
of  Side- 
Chain 

Yield  (%) 

15  min 

30  min 

60  min 

120  min 

180  min 

al¬ 

kane 

al- 

kene 

al¬ 

kane 

al- 

kene 

al¬ 

kane 

al- 

kene 

al¬ 

kane 

al- 

kene 

al¬ 

kane 

mm 

Ci 

\M\ 

— 

mn 

— 

— 

■ 

H 

— 

c2 

1 ~2A] 

0.5 

cm 

□a 

roi 

ITel 

ru 1 

WT | 

LU 

c8 

0.2 

0.2 

0.3 

0.4 

ITol 

0.3 

mi 

0.2 

Ural 

— 

c4 

0.2 

0.1 

0.6 

0.2 

r tj\ 

0.1 

rrn 

0.0 

0.7 

— 

C6 

0.1 

0.3 

0.2 

0.4 

0.9 

0.2 

0.8 

0.1 

0.5 

— 

mm 

0.3 

0.3 

0.4 

0.5 

0.1 

0.4 

0.1 

0.2 

— 

0.3 

0.2 

0.4 

0.3 

0.1 

0.2 

0.1 

0.2 

IB 

HI 

0.2 

0.2 

0.3 

0.3 

0.1 

0.2 

0.1 

0.2 

n 

C9 

mm 

0.2 

0.3 

0.2 

0.1 

0.2 

0.1 

0.1 

— 

C10 

0.2 

0.3 

0.2 

0.1 

0.1 

0.1 

0.1 

— 

Cu 

0.1 

Ml 

0.2 

0.2 

0.1 

0.1 

0.1 

0.1 

0.1 

— 

C12 

0.2 

0.1 

0.2 

0.1 

0.1 

0.1 

— 

— 

— 

cia 

0.2 

— 

0.2 

0.1 

0.1 

— 

0.1 

— 

— 

Table  A3a  —  Yield  of  n-alkanes  and  1-alkanes  from  Pyrolysis  of  2-n-Pentadecyl  Pyridine 
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Table  A3b  —  Yield  of  Subatitued  Alkanes  and  Alkenes  from  Pyrolysis  of  2-o-Pentadecyl  Pyridine 
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Table  A4a  —  Yield  of  n-alkanes  and  1-elkenea  from  Pyrolysk  of  2-Methyl  Octadecane 


Carbon 

Number 

Yield  (%) 

15  min 

30  min 

60  min 

120  min 

180  min 

n-al- 

kane 

1 -al¬ 
kane 

n-al- 

kane 

1-al- 

kene 

n-el- 

kane 

1-al- 

kene 

n-al- 

kane 

1-al- 

kene 

n-al- 

kane 

1 -al¬ 
kane 

c6 

_ 

0.6 

0.5 

0.5 

cm 

E] 

cm 

lm 

■nil 

lm 

C6 

— 

— 

0.2 

0.9 

cm 

US 

ED 

|[U 

■ml 

lm 

C7 

— 

— 

0.2 

0.7 

0.7 

Ea 

[Ml 

lm 

|d3| 

lm 

C8 

0.2 

0.1 

0.1 

0.5 

rm 

rm 

El 

0.8 

C9 

— 

— 

0.1 

0.5 

0.5 

ED 

0.9 

1 

c10 

— 

— 

0.1 

0.5 

0.9 

ED 

0.7 

0.5 

cn 

— 

oa 

0.1 

0.4 

0^ 

02 

0.6 

0.3 

0.2 

C12 

— 

0.1 

0.1 

0.4 

0.3 

0.7 

0.5 

0.2 

VT1 

C1S 

— 

0.2 

0.1 

0.4 

02 

0.6 

0.3 

K9 

02 

Cia 

— 

0.2 

0.1 

0.4 

0.2 

0.5 

0.2 

01 

1 

Cl* 

0.1 

0.1 

0.4 

0.3 

0.8 

0.4 

■ 

ill 

0.3 

B 

Cl« 

0.4 

0.5 

0.7 

fin 

0.6 

ED 

0.2 

Q 

0.2 

<^7 

— 

— 

0.1 

0.3 

01 

0.1 

1 

01 

B 

— 

f 
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Table  A4b  —  Yield  of  Blanched  Alkanes  and  Alkanes  from  Pyrolysis  of  2-Methyl  Octadecane 


Yield  (%) 


120  min 


Table  A6a  —  Yield  of  n-Alkanes  and  1-alkenes  from  Pyrolysis  of  n-Tridecyi  Cyclohexane 


Carbon 

Number 


15  min 


n-al-  I  1 -el- 


80  min 


n-al-  1-al¬ 
kane  kene 


Yield  (%) 


60  min 


n-al-  1-al¬ 

kane  kene 


120  min 


180  min 


n-al-  1-al-  n-al-  1-al¬ 

kane  kene  kane  kene 


0.5  [yO  QJ]  5JQ  5£]  55]  5X1 

mi  o.7  mi  ns  cm  mi  52 
mi  mi  mi  mi  mi  cm  o.» 

o.4  mi  0.4  5S  0.9  52 

0.8  mi  o*  52  0.8 

0.8  mi  0.8  52  0.6 

0.8  0.8  0.6  0.6  0.5 


52 


0.6  0.2 


52 


0.6  0.5  52  0.8  0.7 


0.5  52  0.6  12  0.4  0.4  0J  01 


ill 


I  ■* 


Yield  (%) 


180  min 


m 

BE  I  o»  I  BE  I  « 


0.4  OJ  0 J 

0.4  OJ  OJ 

0  J  OJ  OJ 


01  . 

OJ  01 


Table  A6  —  Yield  of  n-Alkene  end  1  -elkene  from  Pyrolyrie  of  n-Hmdtow 


Yield  (%) 


Ml-  1-el-  n-al-  led-  n-el-  1-al-  n-*l-  1-el-  n-al-  1-el- 

k an*  kene  kane  kane  lama  Inm  kane  kane  kHM  kane 


